A cute renal failure (ARF) is a sudden and sustained decrease in the glomerular filtration rate associated with a loss of excretory function and the accumulation of metabolic waste products and water. It leads to an increase in serum urea and creatinine, usually with a decrease in urine output (1) . Definitions such as a doubling of the serum creatinine or daily urine volumes of Ͻ400 mL have been used as diagnostic markers for ARF. The absence of a universally accepted definition of ARF makes determining its prevalence difficult, but up to 10% of all patients admitted to intensive care units (ICUs) receive some form of renal replacement therapy. Patients with hospital-acquired ARF are more likely to be admitted to the ICU than those with community-acquired ARF. In critically ill patients, renal failure is often a component of multiple organ failure, and its pathogenesis is likely to be multifactorial. Different incidence rates between ICUs are likely a reflection of their case mixes and of their different attitudes and practices regarding renal replacement therapy. Renal failure in patients in the ICU is unlikely to resolve with conservative management; up to 70% of patients with ARF require renal replacement therapy. In many cases, this is started within 24 hrs of admission to the ICU (2) .
In the ICU, ARF alone has a mortality of 20 -30%, but this increases if another organ failure exists (1). Schwilk et al. (3) reported mortality rates of 12% with the failing of one additional organ system, 38% with two, 72% with three, 90% with four, and 100% with five failing organ systems. After discharge from the ICU, about 70% of those who developed ARF recover renal function completely. It must be underlined that 5-10% of patients with previously normal renal function remain on long-term renal replacement therapy. The figure is much higher (about 30%) if there is a history of renal impairment (4, 5) .
The main causes of ARF (Table 1) can be categorized as prerenal, intrinsic, or obstructive.
The majority of research on the pathophysiology of intrinsic ARF has focused on its most common cause, acute tubular necrosis. Our understanding of the pathophysiology of acute tubular necrosis remains incomplete. Multiple mechanisms, including direct tubular cell injury, intrarenal vasoconstriction, generation of reactive oxygen species, leukocyte infiltration, and activation of inflammatory pathways, are all contributive factors. The course of ischemic acute tubular necrosis may be viewed as consisting of four phases. The first, or initiation, phase occurs when reduction in renal perfusion exceeds the critical threshold required to maintain oxygen delivery and to sustain normal cellular metabolism. The extension phase is characterized by persistent tissue hypoxia and ongoing cellular injury. Finally, during the maintenance and recovery phases, tubular epithelial cells undergo either further apoptosis or repair. Remaining viable cells dedifferentiate, proliferate, and migrate across the basement membrane to reestablish epithelial continuity.
During the course of ARF in the ICU, the most common complications are the hemodynamic changes, with a reduction in cardiac output, which can affect renal and nonrenal organ function (affect both renal and nonrenal organ systems) (6) . Vasodilatation can be profound, as typically observed during sepsis, and is invariably accompanied by a compensatory increase in cardiac output. The result is a distributive shock, in which some territories of the vascular beds are dilated and others are constricted. Relative hypovolemia is the consequence, causing hypotension and renal vasoconstriction and ischemia, despite an increased cardiac output. The care of patients with ARF is dependent on attention to detail and recognition that the clinical condition of such patients may alter rapidly. Thus, frequent review is essential, and most patients will be optimally managed in an environment that facilitates close observation and monitoring, such as in a highdependency or intensive care area.
A detailed and accurate history is crucial to aid in diagnosing the type of ARF and in determining its subsequent treatment (7) . The physical examination in combination with routine laboratory tests are useful in making a correct diagnosis and therapy. Quantifying urine output is fundamental. The onset of abrupt anuria in a critically ill patient could be the consequence of an acute destabilizing hemodynamic event or of an embolic event due to renal artery occlusion, although an acute urinary obstruction cannot be excluded a priori. Similarly, a gradually diminishing urine output may indicate, besides the other causes, a urethral stricture or bladder outlet obstruction due to prostate enlargement. The examination of the skin for petechiae, purpura, and ecchymosis provides clues to inflammatory and vascular causes of ARF. Infectious diseases, thrombotic thrombocytopenic purpura, disseminated intravascular coagulation, and embolic phenomena can present with typical cutaneous changes. The most important part of the physical examination is the assessment of cardiovascular and volume status. The physical examination must include pulse rate and blood pressure recordings; close inspection of the jugular venous pulse; careful examination of the heart, lungs, skin turgor, and mucous membranes; and the assessment for the presence of peripheral pulses. Severe hypertension with renal failure suggests renovascular disease, glomerulonephritis, vasculitis, or atheroembolic disease.
Several laboratory tests are useful for assessing the pathogenesis of ARF, and the findings can support proper management (8) . These tests include complete blood cell count, serum biochemistries, urine analysis with microscopy, and urine electrolytes. Although the surveillance of the patients with ARF by means of laboratory examinations has been well defined, very little is known about renal imaging.
Renal Ultrasonography as a Monitoring System
Improvements in surgical techniques and anesthetic management have increased the survival rate of patients who would not previously have been considered surgical candidates (9) . Their management may become quite complex. Modern technology has provided a large number of sophisticated monitoring systems. However, the extent to which the outcome of patients in the ICU may be improved by such tools remains unclear (10) . In the multiple organ failure syndrome, inadequate tissue perfusion and oxygenation are likely to contribute to the development of organ failure and increased mortality in critically ill patients. For this reason, we think that assessment of the adequacy of oxygen supply to organs and tissues is essential. Monitoring of organ function is largely accepted as a measure of tissue oxygenation, but the best method has not yet been found. The hypovolemic patient is at risk of splanchnic hypoperfusion, with a high possibility of developing systemic consequences. Gastrointestinal tonometry has been suggested as an option in the diagnosis of splanchnic perfusion, although the prognostic value of this technique is not clear, with only a few studies having demonstrated benefit from it (11) (12) (13) (14) (15) (16) (17) .
In this context, ultrasonography (US) with color-Doppler study of the kidneys may be indicated as a possible monitor of splanchnic perfusion. US is often used as the initial imaging procedure in the examination of patients with renal failure. Aside from excluding hydronephrosis, it is well recognized in characterizing the type of renal disease, especially in an acute setting. As Platt (18) demonstrated, acute tubular necrosis results in an increase in the resistive index (RI). Technical improvements in sonographic machines have led to a miniaturizing of the hardware components, leading to compact machines with the same functions as the older, bulky, high-cost machines. Portable units are easily transportable and usable inside the ICU, without giving up the diagnostic capabilities of the highlevel machines, being equally equipped with tissue harmonic imaging and color Doppler. However, there are few published clinical reports about the effect of US on diagnosis and prognosis in patients in the ICU with or without renal failure (19 -24) .
US study of the urinary tract includes the evaluation of the renal parenchyma and upper urinary tract in gray scale and the study of intrarenal vascularization using color-power Doppler, with spectral analysis. This must always be extended to the lower urinary tract to evaluate the bladder, prostate, uterus, and adnexa or to detect intraperitoneal fluid collections.
Gray-Scale Ultrasonography
US allows a detailed study of the kidneys (Fig. 1 ). They are examined by a posterolateral approach, with long and transverse scans. Commonly, a multifrequency (2-5 MHz) probe is used, but in thinner patients and in patients with transplanted kidneys, high-frequency (7-12 MHz) probes may be used, allowing a detailed analysis of the kidney due to their high space resolution, although a panoramic view is not obtainable (25) .
The most useful variables to be examined are the following: longitudinal diameter, parenchyma thickness, kidney margins, parenchyma echogenicity, corticomedullary echogenicity, papillae echogenicity, degree of hydronephrosis, presence of stones or calcifications, and presence of cystic/solid masses.
The longitudinal diameter of the kidney is the easiest variable to observe because it has minor interobserver and intraobserver variation and allows an easy and repeatable follow-up (26) . Values change for the sex and size of patient, ranging from 9 to 12 cm, with a mean between 10 and 11 cm. Miletić et al. (27) has demonstrated that relative renal length better represents kidney size because it eliminates variations related to subject height and sex. In our experience, bipolar renal length is the best choice for clinical use because it can be easily obtained and reproduced. Parenchymal thickness needs to be measured in different areas, followed by the calculation of a mean value, preferably made on electronic image magnification, which allows a more accurate evaluation of the distances. The measurement should be made between the surface of the kidney and a point where the parenchyma reaches the renal hyperechoic sinus and not at the base of the papilla. The normal thickness varies from 1.5 to 1.8 cm, with mean values greater in male subjects and in those with well-developed muscle mass (28) .
The kidney margins should be explored especially on the surfaces nearest the probe, and they usually appear sharp and regular, or they may present grooves between pyramids, indicating persistent fetal lobulations. Inflammatory or ischemic scars appear as outline depressions with rounded angles, and they have different anatomic distribution than fetal grooves. Parenchymal echogenicity depends on the patient's age and the employed technology. It tends to increase physiologically in the elderly, and its evaluation should be compared with that of adjacent hepatic and splenic parenchyma. Usually, a hypo-echogenicity or iso-echogenicity exists compared with the reference parenchyma, whereas a hyperechogenicity always indicates a diffuse kidney parenchyma pathology. Echographic corticomedullary distinction is not easy to recognize because its definition depends on the technical equipment, the frequency used, and the patient's age. Distinction between the two parenchyma components is usually easy in children and younger patients, whereas it is no longer detectable in the elderly. It is easily assessable in the transplanted kidney or in some medical renal diseases in which papillae appear more hypoechoic than usual (28) .
Normal renal papillae are slightly hypoechoic compared with the parenchyma, and this echographic pattern is mainly due to differences of reverberation between the parenchyma, made up of twisted tubuli, and the papillae, consisting of tubular structures with parallel course. The papilla apex is usually visible without dilation of the calyx, and the lateral margins are clearly separated by the Malpighi columns, where arterial and venous interlobar vessels are located. Small calcifications are sometimes visible in the papillae, as hyperechoic spots without any shadowing, due to microcalcifications or Randall plaques. The latter are sites of interstitial crystal deposition at or near the papilla tip (29) .
The collecting system of the kidney is not usually visible with US, except when hydronephrosis is present due to hydration or obstruction (30) . In hydronephrosis, the papillae are visible as cone-shaped structures. Calcified images are easy to observe in the context of renal parenchyma, but their characterization can sometimes be difficult. In fact, there are true stones, vascular calcifications, calcifications of the urinary walls, and parenchyma calcifications. When they are Ͼ5 mm in size, they can often be detected because of their highly echogenic nature and the characteristic acoustic shadowing. When small, the diagnosis is more difficult because of the lack of attenuation of the sound beam behind the stone. Stones are usually located in the calyx or ampulla, whereas parenchyma calcifications are situated in the thickness of the cortex, far from the excretory tract. Vascular calcifications are more often at the hilum, and their site is better defined in transverse scans than in longitudinal.
Not infrequently, cystic or solid masses of variable dimensions can be detected during echographic examinations made for different purposes. Cystic masses are very frequent in subjects Ͼ50 yrs old (Ͼ50%) and can be more or less numerous, with intrarenal or extrarenal development. When diffuse, they can cause parenchyma atrophy secondary to compression and worsen preexisting renal failure. Typical cysts with clear content are well characterized by US, whereas complex cysts or cystic tumors are identifiable by the presence of septa or wall thickening. Solid masses are usually neoplastic and only little angiomyolipomas (Ͻ3 cm) can be confidently evaluated by their typical hyperechoic echostructure. Clear-cell carcinomas are the most frequent solid masses and can reach large dimensions without giving rise to any particular symptoms. Every solid mass needs to be confirmed and characterized by further imaging modalities, such as computed tomographic (31) or magnetic resonance imaging (32).
Color-Doppler Ultrasonography
Adding Doppler technology to the gray-scale imaging process with conversion of the resultant Doppler shift to colored images represents a powerful clinical innovation for the study of well-vascularized organs such as the kidney (18) . Renal pathology is frequently associated with changes in parenchyma perfusion, evaluated on the basis of the intensity of colorcoded images. By analyzing the morphology of the waveform, the variations in arterial flow can be detected and measured (19, 33) (Fig. 2) . By using a slow vascular flow setting on the US machine, it is possible to study the main renal arteries, the segmental branches, and the interlobar and arcuate arteries. The interlobular arteries are clearly visible only in transplanted kidneys, in which higher-frequency probes can be employed. Veins are identifiable, especially in younger patients, as they are greater in diameter and their flow is continuous and not pulsed like arteries.
The important variables to evaluate are: color-Doppler vascular renal map, power-Doppler perfusion map, waveform analysis at the level of intrarenal vessels, and venous flow spectral analysis. These variables, theoretically necessary for a complete renal evaluation, are hardly ever all evaluable due to the usual condition of patients in the ICU. The presence of drainage, the artifacts from the mechanical respiratory machines, and the surgical scarring may all affect the outcome of the examination. Soft-tissue edema of critically ill patients does not affect investigation but changes the echogenicity of the tissues, which increases the reverberation phenomena. The right kidney is generally more accessible, and thus, it is sometimes necessary to limit investigation to this single side, without performing a time-consuming search for a diagnostic signal from the left kidney. The left kidney is typically less visible due to the lack of the sonographic window generated by the liver and the overlying of intestinal gas and sometimes due to the presence of surgical drainage or scarring.
Intrarenal vessels are better assessed by transverse scans that allow a Doppler angle closer to 0 degrees and, thus, a higher sensitivity in detecting slow flow in small vessels. Color and power Doppler are able to identify the vessels at the level of the renal hilum and in the renal parenchyma because of their high sensitivity in detecting very low Doppler signalshift. The frequency resolution is much higher than the spatial resolution of grayscale sonography, and the method is able to detect the arteries on the basis of the flow and not the anatomic size. In clinical practice, a semiquantitative method is applied in the evaluation of kidney vascularization.
On the basis of the machine performance and the technical data applied, we graded the intrarenal vascularization in four levels using this semiquantitative scale: 0 ϭ unidentifiable vessels, 1 ϭ few vessels in the context of the hilum, 2 ϭ hilar and interlobar vessels identifiable in most of the renal parenchyma explored, and 3 ϭ renal vessels identifiable until arcuate arteries, well represented in the whole field of view.
All these elements need a suitable setting of the machine, especially regarding the pulse repetition frequency, the wall filter, the mechanical index employed, the power of emission (gain), and the persistence. It is useful to start the examination with a low pulse repetition frequency, usually 1.2-1.4 kHz, and to set the velocity of the waveform at around 25-50 cm/sec. Power-Doppler images are mainly the expression of the blood volume in arterial and venous vessels and give a semiquantitative evaluation of renal perfusion (18) . The possibility of having exact values of total renal perfusion would be of great clinical interest, but present technology, especially power Doppler, permits mainly a judgment of well-perfused or badly perfused areas (34) . Therefore, the examination should be performed with a special setting of the machine to avoid artifacts of blooming, an oversaturation of the color signal that limits the detection of the structures (35) . The color maps thus obtained identify areas of absence of perfusion or hypoperfusion in the parenchyma or are limited to the cortex.
Arterial spectral analysis gives a systodiastolic curve measured within the renal arteries. Calculations should be made at the level of segmentary arteries, interlobar and arcuates, setting the values of pulse repetition frequency, a factor affecting color-flow image, so that a welldefined curve is obtained. As a rule, three measurements should be performed at different points and the mean value calculated. The systodiastolic curve has a variable morphology depending on the patient's age and the functional conditions of the arterial circulation. In normal subjects, it is characterized by a large diastolic component, indicating a low resistance to flow. The most significant semiquantitative variables to evaluate are the RI and the acceleration time due to the curve gradient in the elevation systolic phase. The RI is given by the ratio between systolic peak Ϫ diastolic peak/ systolic peak, and the normal value is 0.58 Ϯ 0.10. Values Ͼ0.70 are considered abnormal, although a major clinical significance is observed only for values Ͼ0.80. The acceleration time should not exceed the value of 0.100 sec. Higher values can be due to different causes, such as aortic valve diseases, thoracic aorta aneurysms, renal artery stenosis, or simply a major stiffness of the intrarenal arteries. The venous flow study is of less importance on account of the great variability resulting from the size and the hydration of the patients. At present, the diagnostic judgment is limited to the evaluation of the patency of the vessel to exclude the presence of thrombosis or occlusion.
ARF in Sepsis
In the ICU, 35-50% of cases of acute tubular necrosis can be attributed to sepsis. US of kidneys shows normal dimension and preserved parenchyma echostructure during hypotension accompanying septic diseases and the systemic inflammatory response syndrome. Papillae are hypoechoic and usually well recognizable, even in adults and elderly patients (36) . More indicative are color and power studies, generally demonstrating poor visibility of the vessels and clear hypoperfusion of the parenchyma (19, 20) . Spectral analysis is characterized by low systolic peaks and reduction of diastolic velocity in the phases during which hypotension is prevalent; when intrarenal phenomena of vasoconstriction predominate, it is possible to observe an increase in the amplitude of the systolic peak, whereas the diastolic flow becomes absent, resulting in an RI of 1.0 (maximum possible value) (Fig. 3) . In the follow-up, the improvement in renal function is accompanied by the progressive normalization of the spectral curve. If sepsis is due to an inflammatory abdominal lesion, this can be identified by US and drained with an echo-guided procedure if a fluid collection is present.
ARF After Cardiac Surgery
Acute tubular necrosis after surgery accounts for 20 -25% of all cases of ARF. Patients with hypertension, cardiac and vascular disease, diabetes mellitus, or advanced age are a high-risk group because of common preexisting renal impairment (37, 38) . For these reasons, hemodynamic changes are probably more consistent and more frequent than in noncardiac surgery.
US imaging may differ according to whether ARF occurs after surgical treatment in a patient with normal or compromised renal function (39) . In the latter case, the renal diameters are normal, margins are regular, but the parenchyma is hyperechoic. Kidney parenchymal echogenicity is correlated with the technology employed (tissue harmonic imaging, sono-computed tomographic technology, etc.), the edema of the renal medulla (40) , and the degree of the fluid retention. The vascular map is usually poor, graded from 0 to 1, so there are only few vessels visible at the level of the renal hilum, whereas there are no identifiable interlobar or arcuate vessels (Fig.   4) . These aspects are partly due to acute tubular necrosis and partly to the hemodynamic effects of the different vasoconstrictor drugs used after surgical treatment. Spectral analysis is often difficult to perform on account of the poor vascularization and shows a significant increase in RI, usually Ͼ0.90, most often 1.0. Sometimes, an inversion of the diastolic flow can be observed, indicating back movement of the blood due to high intravascular resistance caused by vasoconstriction within small peripheral vessels. Usually, the poor arterial flow brings about evident venous flows.
US monitoring of the renal morphology and vascularization is particularly useful in patients with renal failure with normally functioning kidneys before surgery. Repeated observations can depict progressive recovery of the intrarenal blood flow and progressive improvement in the RI, anticipating the onset of diuresis and creatinine reduction. Patients with reduced renal function before surgery show minor longitudinal diameter with respect to the mean and a reduction in parenchyma thickness. The values measures are usually between 1.2 and 1.5 cm. The renal sinus often appears enlarged due to fat substitution. The parenchyma echogenicity is not easily quantified, and modifications of the perfusion do not differ from those described in patients with normal kidneys before surgery (Fig. 5) .
ARF After Liver Transplantation
Renal failure is a frequent complication in patients before liver transplant or immediately after the transplant (41) . In the first case, a scenario of hepatorenal syndrome is present, the mechanisms of which have been extensively studied. US usually shows normal or enlarged kidneys, with hypoechoic papillae compared with hyperechogenicity of the parenchyma. Although gray-scale examination may sometimes appear quite normal, color Doppler shows abnormalities. Although there is good depiction of major renal vessels until the interlobar arteries, the arcuate and interlobular arteries are not visible due to evident vasoconstriction of the small vessels. Spectral analysis demonstrates high systolic peaks and low diastolic flow, which can sometimes be absent. The RI is 0.8 -0.9 at the level of the largest vessels and 1.0 in the interlobar arteries. The vascular map obtainable with power Doppler is well defined, in contrast to the general condition of the patient.
Renal failure after liver transplant or multiorgan transplantation is due to tubular necrosis, so renal enlargement is less evident (Fig. 6 ). Spectral analysis shows fewer elevated systolic peaks, and a reduction in diastolic flow is still present in the largest vessels. US follow-up may be useful to identify a functional revival when there are still no significant changes in the diuresis.
ARF from Exogenous or Drug Poisoning
These patients are generally admitted to the ICU with few clinical data but often have renal failure associated with neurologic and gastrointestinal symptoms. US study of the abdomen should be completed with a morphologic analysis of both kidneys to differentiate an acute pathology from a chronic renal failure that has become acute (42) . In the first hours of acute poisoning, the kidneys have normal size and structure, and the only change is in regard to the RI, which is increased to differing extents, depending on the entity of the tubular injury. In the presence of chronic poisoning responsible for unknown renal failure, the kidney diameters and the parenchyma thickness are reduced. Not rarely, there are microcalcifications in the medulla due to interstitial or tubular precipitation of high-density material. The vascular map is usually poor. 
ARF in Rhabdomyolysis
Rhabdomyolysis is a condition caused by skeletal muscle injury and release of muscle cell contents into the circulation (43) . It may result in myoglobinuria, the filtration of myoglobin into the urine, and is often associated with ARF (44) . Rhabdomyolysis may complicate many disease states (45) . In some, such as crash injury, muscle damage is obvious; in others, such as drug overdose, it may never be apparent. Symptoms or physical findings may be minimal, even in a conscious patient. Therefore, diagnosis requires a high level of suspicion and appropriate sensitivity to abnormal laboratory values. The diagnosis is clinical and US may show kidneys of normal appearance or hyperechogenic due to intratubular myoglobin precipitation. The RI may be normal or increased, depending on the severity of the renal failure. US examination of the muscular structures with a high-frequency probe can show diffuse or focal changes of the normal structure, with edema, and enlargement of the muscular layers (Fig. 7) .
Postrenal ARF
Postrenal ARF is a rare observation that can, by chance, complicate the clinical situation of the patient in the ICU, even if a urinary catheter has been placed (30, 46) . The obstructive causes are related to bilateral ureteral stones, infiltrative retroperitoneal cancer, retroperitoneal fibrosis, or infiltration of ureter from cancers originating from the rectum, uterus, ovaries, prostate, or bladder. The obstructive risk is much higher in patients with congenital or acquired solitary kidney. US is the best diagnosis method for its ability to identify dilation of the urinary tract and quantify the degree of renal damage on the basis of thickness reduction (11) . Moreover, the examination may sometimes reveal the pathologic lesion responsible for the obstructive situation, without having to carry out any other radiologic examinations such as computed tomographic studies, not easily performed in critically ill patients.
Conclusions and Future Perspectives
Despite decades of basic research and important technical advances in clinical care of patients with ARF, the role of bedside imaging methods has not been extensively explored. We think, however, that US is the method of choice for the initial evaluation of patients in the ICU. Real-time equipment allows the physician to closely monitor obtunded or unconscious patients at the bedside. The technical improvements in the most upto-date equipment allow detailed morphologic and hemodynamic evaluation in patients with ARF. The intense and persistent renal vasoconstriction that reduces overall kidney blood flow to approximately 50% of normal can be evaluated with color Doppler, and the flow changes during the clinical observation of the patients in the ICU can be documented with spectral analysis. In the future, sophisticated imaging techniques will be able to document these changes in regional renal blood flow and provide prognostic information. The recovery phase is characterized functionally by improvement in RI and morphologically by reestablishment of renal integrity. Current advances in basic and clinical research hold great promise regarding the use of US in the monitoring of renal injury in the critically ill. To allow this, however, the mechanisms underlying these new morphologic and functional findings will need to be confirmed with more extensive studies. 
